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Explosion Bonding: Alumir]um-Magnesium Alloys

Bcnded to Austenitic. Stainless Steel

By

R. A. Patterson

ABSTRACT

The exploslon bonding of 5000 series aluminum alloys to 300 series

stainless steel alloys is sunmnarized. The process technique involves a

parallel gap arrangement with copper or aluminum

ful bonds have been achieved using either a sing’

Ing the trilayer clad or a sequential shot techn”

ponent.

bonding aids. Success-

e shot process for join-

que for each metal com-

Bonc! success is rronitored through a combined metallogr~phic and

tensile strength evaluation, Tensile properties arc shwn to be strongly

dependent. upon process parameteh and the mount of intermetallic for-

mation at the aluminum bond interface. Empirical data has been compared

with experimental and destructive test results to determine the optimum

procedures,



Introduction

Explosion

of dissimilar

bonding is becoming a viable technique for the production

metal welds not readily produced by conventional fusion

welding processes. The autogenous and diffusionless characteristics of

explosion bonding enhance the formation of metallurgical bonds between

incompatible m~tals through atomistic bonding mechanisms. Thus the

formation of deleterious brittle intermetallic phases is minimized

generating bond properties approaching or equal to base metal mechanical

properties.

Explosion bonding mechanisms based uporI empirical and theoretical

relationships have been the subject matter of several articles. 1-7

Typical bonding techniques employ either a gapped parallel plate or

6
prnssecl angle plate arrangement with ccmtact explosive charges. cons-

ensus is that ths progressive detonation process producer a high pres-

sure, high velocity oblique collision b~’tween the two metal constitu-

ents. Large pressure gradients alor~g the detonation fronl surpass the

metal constituents dynamic shear strength and produce an inviscid fluid

flow of the m~tal surfacp regions. When the collision obliquity is

beyond a threshold ilnqle,
8-:1.0hydroclyndmic flow of the metal surtilcr:i

will gcnerntc n J(jttit]!jilction which is considcrrd to k! cril.ical for

explosion bol~ding. Ih[!JCL acts lo effnce sur~ilcu co:~t,wninatioll(oxidrs



interlocking of surface deformation zones produces a wavy bond nw-

phology resultant from jet instabilities and fluctuating pressure gra-

d?ents.a’g

Bonding parameter boundaries have been modeled based upon the onset

of jet formation, the deleterious effects of shock wave rarefaction and

interracial melting.7 This report evaluates the utilization of bonding

mdels through examination of 5000 series aluminum to 300 series stain-

less steel explosion

Process Parameters

boilds,

Figure 1 illustrates the arrangement used in the parallel gap

explosion bonding process. The explosive charge is placed in contact

with the flyer plate and detonated from one end to generate a linear

detonation front. Pressure getierated by gas expansion accelerates the

flyer plate downward and results in the desired impact on the stationary

base plate. Principal parameters affecting bond success are:

1. Stand-off distance ‘

2. Explosive density

3. (juaniity of explmivc



4. Physical and mechanical properties of the metal constitueilts.

Interpretation of experimental results has resulted in several empirical

explanations for the explosion bonding process and has produced working

models for parameter selection.
4,7

The stand-off distance is only important to the extent that full

flyer plate acceleration is achieved. As such, the stand-off distance

used during thece studies has been set at twice the flyer plate thick-

ness for thin components (up to 6.5 mm) and reduced to approximately the

flyer ~“late thickness for thick components (up to 13 mm) t.o compensate

for the increased impact energies.

Figure 2 illustrates an intermediate view of the explosion bonding

process where the incremental nature of explosive detonation has ac-

celerated the flyer plate to produce an oblique collision with the base

plate. Geometry and cor,servation of mrmentum indicate that the detona-

tion velocity, VD, is equal to the collision point velocity, Vc, and

related to the flyer pl~t.e velocity, V~, through the dynamic bend angle,

~, as given by the following expressions:

= Vc
‘D ,

v = 2 V7 Sin ~1/2
P*

lh[”~c two cqu,ltions prnducp

[1]

pr(lc(!s!iwith the Imun(l;lryconclit.ioll~,impos~’dby shock wavp intv”i!clion%

and Ily(lro(lyllillllii:flow which produ(:(!sjetting.

fl



Shock

velocities

supersonic

waves are produced when the pressure impulse is delivered at

greater than the metal bulk sound velocities (i.e., sonic or

impulses). Supersonic pressure impulses generate instantan-

eous stress and density gradients which possess a sharp dividing line

between affected and unaffected material known as a shock front. Shock

front int.~raction with the explosion bond can cause fracturing and as

such should be avoided. 11 Two techniques are available to avoid shock

interactions: subsonic collision or the use of buffers.

Subsonic collision ve

tribution of pressure

detonation velocities

selection with respect

sound velocities for

and

ocities are desirab”~e since a g~’adual redis-

associated stress is accomplished. Subsonic

can be achieved through the proper explosive

to the desired metal system. Representative bulk

several metals and alloys, listed in Table 1,

indicate that collision velocities should be less than approximately

5000 m/s. Equation 3 shows the empirical relationship developed for

nitroguanidine (NQ) explosive which indicates that the detonation

velocity is linearly related to the explosive density.
l?

‘dti= 0.144 + 0.402p

The typical operating ranges is 2000 to 3000 m/s for manual”ly compacted

NQ explosive, which is less thilr~the bulk sound velocity for most

metals, Tab”e I.

[3]

5



Tile &xplosive pressure, P, is also related to the explosive den-

sity, p, as shown in Equation 4.12

[41

‘i},us , wne,l higher pressures are required to produce satisfactory bonds

the inf!~?ncc of shock effects becomes increasingly important. im-

pedance - matching buffers placed between the explosive charge and the

flyer plate help to attenuate shock waves through

Compressive shork -;iaves intersecting the flyer

an absorbing action.

plate free surface

(metal-air interface) are almost completely reflected back toward the

bond line ,is tensile wa’:es which may cause bond fracturing. Buffers

reduce the reflected waves magnitude by allowing the wave to pass into

the buffer material.

Minimum detonation velcrity boundaries have been postulated to

conform with a laminar to turbulent hydrodynamic flow transition. An

empirical relationship l,as b~en developed to predict the transition

velocity, VT, as shown belcw: 13

%

[5]1,1 2 RE (1-$.+ tlB):-.
T — .—.—

6



where

‘E
= reynolds number

‘F = flyer plate hardness

‘B = base plate hardness

~F = flyer plate density

~B = base plate density.

Turbulence or jet oscillation results in a wavy bond interface which

increases bond strength. 11,14,15

Minimum flyer plate velocity or the critical impact pressure to

produce jetting has been investigated and re~ated to the metals physical

and mechanical properties, 7
Equation 6 shows the expression for deter-

mining the minimum flyer plate velocity:

v~ = (uut5/P)+

#

[6]

where Uuts is the ultimate tensile strength and p is the density (,;the

stronger metal constituent.

Actual flyer plate velocities resulti~lg from the mass ratio of

flyer plate, m, to explosive, c, are then calculated with the Gurney

Equation:16

(
3

)

!1

Vp =Jiii T+-i--$: $. [7]
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where ~~E is the characteristic Gurney velocity for a particular ex-

plosive.

Figure 3 shows a typical plot of dynamic bend angle versus detona-

tion velocity to estimate bonding parameters. Boundaries defined by the

metals bulk sound velocity, laminar to turbulent flow transition and

minimum pressure for jet format~or] are set on a family of flyer plate

velocity curves to predict operating regimes for explosive density and

load factor. Curves similar to these significantly reduce the amount of

experimentation required to produce explosion bonds and as such will be

used for reference during the ensuing discussion on experimental

results.

f)iscussion

Satisfactory bonds between aluminb. and stainless steel are rot

easily produced with conventional fusion welding techniques. However,

explosion bonding has proven to be a suitable technique for this task

and has produced mechanically sound clads between the 5000 series

aluminum and 300 series stainless steel alloys. Direct bonds have been

fabricated with limited success. Therefo!’e, the experimental results

will examine bonds produced with interlayer bonding

aluminum and oxygen free-high conductivity - copper (OFHC

Preliminary evaluation of explosion boncling OFHC-CU

aids of 3003

Cu).

to 304L stain-

less steel was performed to establish bonding and ev~luation techniques.

8



Optimum bonds were produced between 3 mm th~ck copper and 6 mm thick

stainless steel with nitroguanidine explosive at a density of 0.3 g/cc

(VD = 2600 m/s). Mass ratios of 0.8 (mas,~flyer plate/mass explosive)

with a stand-cff distance of 6 MM prod iced bonds which were stronger

than the CIFHC copper. Tensile test performed cm top hat tensile speci-

mens in a punch and die fixture shown schematically in Fig. 4, failed at

an ultimate tensile strength of approximately 290 MPa.

Base metal failure, shown in Fig. 5a, was typical for this clad

arrangement. Direct evidence of bond integrity was indicated by the

characteristic wave formation at the interface (Fig. 5a) and the ductile

void coalescence base metal failure mode shown in the scanning electron

fractograph of Fig. 5b.

Having established appropriate parameters for the OFHC-CU to 304L

stainless steel bond, parameters for a 304L stainless steel - OFHC-CU -

5052-0 aluminum trilayer with a single explosive detonation were evalu-

ated. Figure 6 shows a compus’ite graph of specific bond attempts super-

imposed on the detonation velocity versus dynamic bend angle predictions

for 5052-0 aluminum to OFHC-CU system. The range of parameters evalu-

ated were all within th~ predicted acceptable parameter boundaries, but

yielded significantly different bond properties.

Explosive load factor plotted ~ersus resultant bond tensile

strength (Fig. 7) indicates that bond integrity is extremely sensitive

to variations in bonding parameters. An optimum load factor was found

to exist which implies th~t a critical dynamic bend angle ~nd/or flyer

9



plate velocity (Equations 2 and 7) must be obtained. Published results

have also indicated that maxirtwm bond strengths are achieved at an

optimum dynamic bend angle, 16

Metallographic examination of the aluminum/copper/stainless steel

trilayers revealed that the copper to stainless steel interface had the

desired wave formation while the aluminum to ccpper interface had ex-

tremely shallow waves and a laminar melt zone (Fig. 8). Tensile

failures always occurred in a brittle mode ‘Inthe aluminum - copper melt

zone indicating the formation of a brittlt. intermetallic phase. There-

fore, an alternaLe interlayer material (3003 aluminum) was evaluated.

Bonding between 316L stainless steel - 3003 aluminum and 5083

aluminum were performed by a sequential two shot technique. First thin

section (0.5 mm thickj 3003 aluminum was bonded to 12.7 mm thick 316L

stainless steel using nitroglianidine explosive. Then 6.4 mm thick

5083-0 alumin~m was bonded to the 3003 A1/316L stainless steel clad.

Table II lists “the explosive parameters used and the resultant bond

strengths as measured with top hat tensile specimens (Fig. ;).

Figure 9 shows the bond zor}e between ?003 Al and stainless steel

was laminar while the 5083 Al to 3003 Al bond shows substantial wave

foi”mation. Band str(!ngths equal to the ultimate tensile strength of the

3003 Al (112 MPa) were routinely achieved. Tensile failures were

typically ductile if)nature and initiated irlthe S083 Al - 3003 Al bond.

Figure 1(.Ishows that bond Failut9c is controlled by the 30fi3Al and the

fracture propagates along th~ 5083 Al - 3003 Al wav(! line (Eig- lea).

10



Te,lsile failures at stresses greater than the 3003 Al ultimate tensile

strength (Table II) were achieved when the wave height was increased to

greater than half the original 3003 Al thickness (0.5 mm). This result

implies that bond restraint imposed by the higher yield strength 5083 Al

(145 MPa) reduces the macroscopic effects of the interlayer material as

observed with brazed components. Thus improved bond properties can be

produced through the proper selection of parameters even when weak

interlayer materials are used.

Summar-

Mathematical models for predicting explosion bonding parameters are

available and appear to be satisfactory for predicting start up proce-

dures. Model predictions have significantly reduced the amount of

empirical development required to ~roduce acceptable bonds, but do not

predict optimum parameters, Bond strength appears to be extremely

sensitive to detonation velocity, bend angle and flyer plate velocity.

Therefore, Further effort is ’required to produce the appropriate re-

lationships before expl~’;lon bonding can be transformed into CIpredict-

able science.

Explosion bonds betwrcn the 5000 series aluminum and 3(IO series

stainlc~s steel ar-u pos~iblc. Relatively high bon{l efficierlcics ate

prmluced by the exljlos;aIItechnique, but bnsc m~tdl st.rellgthswere not

achieved with the Otl{C-Cu il~tcrlily~r or 3003 illt(!rlily(’r%ystcnls.

Orittlc illt(!rm(’tilllicslimit. tl]t’usc of cnllp(?rbonding aids, While thu

3003 sysLPm i~ Iimitd by tlw inh!t’layt~t’111(’CllillliCilll)rop:!rtiu:;,

II



Conclusions

1.

2.

3.

4.

Explosion bonds between OFHC-CU and 304L stainless steel are

strorlger than the copper base metal properties.

AII optimum explosive load factor exists for the explosion bonding

of the 5052 A1-OFHC

Wave formation and

which can increase

CU-034L stainless steel trilayer.

morphology is an extremely important parameter

bond strength through the appropriate distribu-

tion of stress and strain.

Explosion bonds of 5083 A1-3003 Al - 316L stainless steel possess

mechanical properties equal to the 3003 Al ultimate tensile

strength but can be improved through optimization of the bond

morphology.

Acknowledqemel,ts

The author wishes to acknowledge the V,llLlilbl~assistance of the

fol!owincj Los Alamos National I.aboratory personnel: J. 0. Arthur, A. J.

Gril.y~nd A. D. Rollctt of the Chrmi~+.ry iIn(l Matrrials Sciel~cu divisiori;

ard M, J. lJrizar ancl M. 1.. Cliitl~yof the Dynamic Testing IJivisiun.

Loi~,[,.l{,wl for Lypinq Lhe rrport.. Work w;I~ pcr[ormrd ur](l(!,’LIII’Unitc(l

State:; IIrpartnwnt of [’rlorgy(:ontr~(;l.W/405-E.Ilq36.



References

1.

2.

3.

4.

5.

6,

7.

[1,

D. Crossland and J. D. Williams, “Explosive Welding,” Metallurgical

Reviews, The Metals and Metallurgy Trust, 1970, Review 144.

A. S. Bahrani and B. Crossland, “Explosion Welding and Cladding:

An Introductory Survey and Preliminary Results,” Proc Instn Mech

Engis., Vol. 179, Pt 1, No. 7 1964-65.

S. H. Carpenter and R, H. Whitman, “Explosion Welding,” Annual

Review of Material Science, 5, 1975, p 177-199.

V. D. Linse, R. H. Whitman and R. J. Carlson, “Explosion Bonding,”

Battelle Memorial Ins, Columbus, Chio, Report X68-10247.

M, C. Noland, H. M. Gadberry, J. D. Loser itndE. C. Sneegas, “tligh

Velocity Metalworking a Survey,” NASA Report N67-2G560.

,

J. S. Rin~hart and J. Pearson, “Explosive Working of Metals,”

Pcrgamon Press, 1963.

S. H. Cilrpcrlt,cr,“Fxplosioll W(+l(ling: A R(!vicw,” Shock N{IVUSiIII(l

High-St)’ilill-Ra[.cPhnnornrml in M(ltitil!i,Plrnum Pws!i, 1!181, p

941-”(JS4.

I:{



9. J. N. Hunt, “Wave Formation in Explosive Welding,” Phil. Msg., Vol.

17, 1968, pp 669-680.

10, A. S. Bahrani and B. Cross!and, “A Mechanism of Explosion Oonding,”

Metallurgical Transactions, Vol. 2, 1971, pp 1953-1958.

11. G. R. Cowan and A. H. Holtzman, “Flow Configurations

Plates: Explosive Bonding,” Journal of Applied Physics

No. 4 (Part 1), Api-il 1963, pp 928-939.

n Welding

vol. 34,

12. M. J. Urizar, Personal Communication, Los Alamos National Labora-

tory, Los Alamos, New Mexico, 1381.

13. G. R. Cowan, 0, R, Bergman an~l A. H. Iloltzman, Met. “1’rans., 2,

1971, p 3145,

14. A. S. Bahrani and fl, Crossland, “Further Experiments 011 Explos

Welding and Cladding with P~lrticul~r llc~eruncc to the Strength

the Bond, Applied M~chtlnics Convention, Vol. 100, 19fi6, p L-,

Vc

of

6.

14



Meta 1s

Uranium

Zinc

Zirconium

Copper

Magnesium

Aluminum

TABLE I

Bulk Sound Velocities of Metals, m/s

*

2400

3000 Monel 4400

3800 Hastelloy 4400

4000 300-Stainless Steel 4500

4500 Bronze 4000

5500

I!1



Clad
Type

3003A1 - 316L SS

5083 A1-3003 A1-316L SS

~~BLE II

Parameters and Bond Strengths
5083 Al - 3003 Al - 316L SS

Explosive
Density
(g/u)

0.2
0.2

0.3
0.3
0.3

Load
Factar
(m/c)

—.

2.0
1.3

2.0
1.6
1.3

Bond
Morphology

Laminar
Laminar

0,3
0,5
0.6

Ultimate
Tensile Strength

(MPa)

N. M.
N. M.

110
130
170

N, H. = not measured

I(1
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Figure 1 - Schematic diagram of the parallel gap explosion bonding

configuration.

Figure 2 - Schematic diagram of the oblique collision produced by

parallel gap explosion bonding.

Figure 3 - Plot of dynamic bend angle, B, versus detonation velocity

illustrating the parameter boundaries,

Figure 4 - Illustration of the tensile test configuration for per-

forming explosion bond strength determinations.

Figure 5 - a. Metallographic cress-secticll of an OFHC Cu to 3(I4L

stain’lrss steel top hat t~nsi]e specime[) showing the

explosion bond zone’and the copper fracture.
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b. Sctinning electron micrograph of the copper fracture

showing thu dimpled i~ppc,lr~lncotypical uf ductile tensile

OV(!rlOiltl,



Figure 7 - Explosive load factor (flyer plate weight, m, /explosive

weight, c,) versus bofid strength frr the 5052 aluminum -

OFHC Cu - 304L stainless steel clads.

Figure 8 - Mctallographic section of the 5052 Al - OFHC Cu - 304L

stainless steel bond zone.

Figure 9 - Metallographic sectlcil or the 5003 Al - 3003 Al - 3i61.

stainless steel bond ~one.

Figure 10 - Scanning electlon micrograph of the 5083 Al - 3003 Al -

316L stainless $teel tensile failures showing the ductile

5083 Al - 3003 Al bond fracture.
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